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Enantioselectivity Determinations using 
Liquid Crystalline Media 
In this chapter a color test for enantiomeric excess determination of the products of 
enantioselective catalysis is presented. The method makes use of the chirality dependent 
selective color reflection of doped liquid crystals. In this procedure a reaction substrate 
for asymmetric catalysis is functionalized with a mesogenic unit. This allows the 
immediate assessment of the enantiomeric excess of the chiral product, after the 
stereoselective reaction, from the color induced in a liquid crystalline matrix. This 
principle was applied in the screening of a small set of chiral ligands for the asymmetric 
copper-catalyzed conjugate addition of diethyl zinc to chalcones.* 
 
* Part of this chapter has been published: R. Eelkema, R. A. van Delden, B. L. 












   
Chapter 3  
3.1   Introduction  
The key role of homochirality in the development of chiral drugs is a source of 
inspiration for numerous efforts to design efficient catalytic procedures to 
prepare single enantiomers of biologically active compounds.1 This has led to the 
development of several new procedures for the synthesis of optically active 
compounds, either via resolution from the racemate,2 by stereoselective 
synthesis starting from the chiral pool3 or by asymmetric synthesis from a 
prochiral substrate.4 In these asymmetric syntheses the chirality can be 
introduced using a chiral reagent in a stoichiometric manner,5 or by a chiral 
catalyst.6 These chiral catalysts are usually enzymes, organocatalysts or 
homogeneous transition metal complexes with chiral ligands. Although much 
effort has been devoted to elucidate the mechanisms of stereocontrol, prediction 
of a successful chiral reagent, whether it is an enzyme, an organo- or transition 
metal catalyst, or a stoichiometric chiral auxiliary, remains a formidable task. 
Most selective chiral transformations are still found by trial and error. In the 
1990s this led to the emergence of combinatorial asymmetric catalysis, involving 
time-saving parallel synthesis and the testing of large numbers of chiral catalysts 
using automated systems.7 As the currently available automation technology 
allows the performance of hundreds of catalytic reactions at the same time, 
analysis of the enantioselectivity is often the rate determining step. To make 
combinatorial asymmetric catalysis a useful tool in the discovery of new 
enantioselective processes, high-throughput screening methods for enantiomeric 
excess determination have to be developed.8 The simplest and most practical 
approach to this challenge would be the development of a color indicator for 
enantioselectivity, i.e. a test that allows read-out of the enantiomeric excess by 
visual observation of the color of the test sample.     
3.2   New Methods for Determination of Enantioselectivity  
Conventional methods for enantiomeric excess (ee) determination, such as 
optical rotation, NMR analysis with chiral shift reagents and chiral GC and 
HPLC are usually slow and laborious and therefore they do not allow the ee 
determination of large libraries of chiral compounds within a reasonable 
timeframe. In recent years several new ee determination methods have been 
developed, especially for high throughput screening of enantioselectivity.8 These 
efforts can roughly be divided in two categories. One is concerned with speeding 
up of the current methodologies, often by miniaturization and automation.8,9 
The other focuses on the development of new methods for high throughput ee 
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on UV/VIS spectroscopy10, mass spectrometry11, fluorescence spectroscopy12, 
IR thermography13, differential cell growth14 and imprinted polymers15. The use 
of visible light in VIS and fluorescence spectroscopy renders them color tests, 
and as such a variety of new methods has been reported.10,16,17 An interesting 
example is the use of a fluorescent antibody, as depicted in Scheme 3.1.18 The 
antibody binds the products of an asymmetric alkylation catalyzed by Chincona 
alkaloids. This binding occurred with near equal affinity for both enantiomers of 
the product, but only the complex with the S enantiomer afforded a blue 
fluorescence. As such, the ee of the product could be determined by measuring 
the fluorescence intensity using an automated fluorescence plate reader. When 









1) KOH, toluene / CHCl3
    Chincona derived catalyst,










Scheme 3.1 Blue fluorescence resulting from antibody binding as a measure for 
enantioselectivity. 
A different approach was taken by the group of Anslyn, who developed a 
colorimetric system for ee determination based on competitive dynamic metal 
coordination.19,20 In this system, a chiral metal complex with an achiral 
chromophoric ligand is used (Scheme 3.2). Mixing of this complex with the 
molecule that is to be measured (the analyte), a chiral amino acid, leads to partial 
displacement of the chromophoric ligand at the metal center. The chromophore 
undergoes a large hypsochromic absorbance shift (up to 200 nm) upon release 
into solution. This displacement is enantioselective as a result of the chiral ligand 
at the metal center, i.e. one enantiomer replaces the chromophoric ligand more 
efficiently than the other. The resulting difference in absorbance intensity of the 













   



































Scheme 3.2 Colorimetric enantiodiscrimination by indicator displacement. 
A major drawback of these methods is that they use a change in intensity of a 
single wavelength of light for quantification of the enantiomeric excess of the 
analyte. As a change in light intensity is practically impossible to quantify by the 










Figure 3.1 A chiral calixarene-based host for enantiomeric color discrimination 
of chiral amines. 
Binding of a chiral guest to a chromogenic chiral host can lead to visual 
discrimination of enantiomers, as was described by Kubo et al.21 Chiral 
calix[4]crown host 3.7, substituted with a 1,1’-binaphthyl subunit and two 
indophenol chromophores binds chiral amines with moderate affinity. Upon 
binding, a proton transfer and conformational change in the calixarene causes 
spectral shifts in the two indophenol chromophores that are greater for one 
enantiomer of the substrate than for the other, leading to large color differences 
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phenylglycinol, where a red color was observed when the (S)-enantiomer was 
used, whereas the (R)-enantiomer induced a blue colored solution. The intensity 
of the long-wavelength band responsible for this color change can serve as a 
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Scheme 3.3 Enantiomeric excess determination of chiral α-amino acids by 
fluorescence-based assay.  
One of the very few methods that allows ee determination using different 
wavelengths of light was reported by Shair and coworkers.22 It involves different 
fluorescence emission of enantiomers in a procedure based on four synthetic 
steps including a parallel kinetic resolution. The Boc-protected α-amino acid 
analytes were coupled to an amine functionalized glass slide and after a 
protection-deprotection sequence the free amine groups of the analyte were 
allowed to react with a mixture of two pseudoenantiomeric fluorescent probes 
(Scheme 3.3). These probes differ in conjugation length, resulting in different 
fluorescence wavelengths, and in absolute stereochemical configuration. In the 
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interactions of the amino acids and the two fluoroprobes (based on the Horeau 
principle23) results in an excess of one fluoroprobe over the other, which leads 
to a ratio in fluorescence intensities correlated to the enantiomeric excess of the 
analyte. Using this method, the enantiomeric excess of an array of amino acids 
was determined with high speed and accuracy, but it has proven very difficult to 
extend this methodology to analytes with different functional groups.24 
Moreover, the difference in fluorescence emission intensity can not be quantified 
directly by the naked eye. 
3.2.1   LC-Based Color Test 
The goal of our research was to develop a simple colorimetric enantiomeric 
excess determination protocol, where color difference, and not intensity, would 
be a measure for the ee of the analyte. As was already discussed in detail in 
Chapter 2, liquid crystals can amplify the chirality of a chiral dopant by 
translation of molecular chirality to macroscopic chirality in the organization of 
mesogenic molecules in the cholesteric phase.25 Aligned films of these liquid 
crystal phases are known to reflect light of a particular wavelength. Depending 
on the chiral dopant employed, the wavelength can be tuned within the range of 
the visible spectrum (~360-700 nm), leading to brightly colored liquid crystalline 
films. The reflected wavelength is dependent on the pitch (p) and the refractive 
index (n) of the material and on the incident angle (α) of the light. The pitch, in 
turn, is inversely proportional to the concentration (c), the helical twisting power 
(β), and, most important for the present application, the enantiomeric excess (ee) 
of the chiral guest molecule (eq. 3.1). Therefore the wavelength of reflection is 














ααλ sinsincos1sinsincos)( 11                  eq. 3.2 
The possibilities of application of these principles were first demonstrated by R. 
van Delden in this laboratory. Using the concept of mesogenic functionalization, 
as discussed in Chapter 2, he developed a color test for enantiomeric excess 





   
































Scheme 3.4 Concept of colorimetric ee determination by mesogenic 
functionalization. A, B, C denote groups at the stereogenic center, X and Z 
denote reactive groups, L denotes a linker. 
The analytes, which can be regarded as typical products of an enantioselective 
transformation or resolution, have a too small helical twisting power to obtain 
colored liquid crystalline phases by themselves, as there is a limit to the dopant 
concentration in a liquid crystalline host. However, by functionalization with a 
para-methoxy substituted biphenyl moiety, designed to be compatible with 
biphenyl mesogen E7, the helical twisting powers were enhanced to such an 
extend, that colored LC films were easily generated (Scheme 3.5). When the 
concentration of dopant was kept constant, the color of the film was directly 
correlated to the enantiomeric excess of the dopant, as a 100% ee sample showed 
a violet-blue color, whereas a sample of 50% ee gave a red tone. Furthermore, 
using a modified UV apparatus the wavelength of reflection could be measured, 
thus providing a way to determine the enantiomeric excess with great accuracy.  
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3.9 βM = 24.8 µm-1,  βwt% = 21.4 µm-1 (E7) 
OH




















   
Chapter 3  
Violet and red light differ in wavelength by approximately a factor of two and as 
a result of this the minimum and maximum enantiomeric excess that can be 
determined by this method differ by the same factor, which in practice results in 
an analyzable ee range of 50% to 100%. This can be considered a major handicap 
of this approach. To circumvent this shortcoming, a new method based on these 
same principles was developed. This is illustrated for derivative 3.13 (Scheme 
3.6). The LC host was doped with an appropriate amount of a mixture of 
optically pure 3.13 and the sample of 3.13 to be analyzed, in a 3 to 1 ratio. This 
results in a net enantiomeric excess of 50-100% going from -100 to +100% ee of 
the analyte, thus allowing a full range enantiomeric excess determination. 
Moreover, when the absolute configuration of the enantiomerically pure co-
dopant 3.13 is known, the absolute configuration of the analyte can be 














Scheme 3.6 Functionalization of an amino acid ester with a mesogenic group. 
These two new methods show the potential of enantiomeric excess 
determination by LC-based color test as in all described cases the doping of an 
LC film with the appropriate amount of functionalized analyte leads to brightly 
colored LC films. The color, readily visible by the naked eye, is a measure for the 
ee of the analyte. However, the mesogenic functionalization is less convenient, as 
it takes place after the stereoselective product formation. Especially when 
performing multiple parallel reactions the essential but time-consuming 
derivatisation step is a major drawback as it has to be performed on each 
individual reaction product, which can result in thousands of additional 
reactions. To overcome this drawback we reasoned that a simple redesign of the 
reaction substrates in question, incorporating a mesogenic unit, would allow an 
immediate color test to assess the stereochemical outcome of a particular 
asymmetric transformation, as shown in Scheme 3.7. In other words, when the 
product of the asymmetric transformation itself structurally resembles the liquid 
crystalline host, the enantiomeric excess can be determined directly after doping, 
avoiding any derivatisation. To demonstrate this concept we chose the copper-
catalyzed asymmetric conjugate addition of diethyl zinc to chalcone as a model 
reaction. As the common practice for initial screening of new effective 
enantioselective catalysts involves conversion of benchmark substrates, i.e. 




   








Enantioselectivity Determinations using Liquid Crystalline Media 
 
synthetic use, we reasoned that a re-design of such a benchmark substrate so 
that it incorporates a mesogenic unit (Scheme 3.7) was allowed as long as it did 















Scheme 3.7 Mesogenically functionalized substrates for analysis of the 
enantiomeric excess of the products of a stereoselective reaction by LC-based 
color test. 
3.2.2   1,4-Addition as a Model Reaction 
The asymmetric conjugate addition of organometallic reagents to α,β-
unsaturated systems is a well-described and widely studied C-C bond formation, 
by which valuable chiral products for total synthesis and chiral pharmaceuticals 
can be made.30 In general it comprises the addition of a nucleophile to an 
unsaturated system that is in conjugation with an electron withdrawing group. 
These reactions are catalyzed by many different transition metal complexes, of 
which copper and rhodium complexes with chiral phosphorus-based ligands are 
most commonly used.31,32 Typical benchmark substrates for these reactions are 
cyclohexenone 3.14 and chalcone 3.18 (Scheme 3.8). In 1996 a breakthrough was 
made in our group with the introduction of chiral phosphoramidite ligand 3.16, 
which proved to be an excellent ligand for the Cu-catalyzed 1,4-addition of 
dialkylzinc reagents to enones.33 This later led to the development of ligand 3.17, 
which was the first chiral ligand that allowed the Cu-catalyzed conjugate addition 
of diethylzinc to cyclic enones with complete stereocontrol.34,35 Recently a 
procedure for the stereoselective addition of Grignard reagents to cyclic and 
linear α,β-unsaturated substrates was also developed in this laboratory.36 This 
discovery, combined with the stereoselective addition of dialkylzinc reagents, 
makes the Cu-catalyzed 1,4-addition reaction an extremely powerful method for 
the synthesis of chiral compounds. The goal of our research was to develop a 
color test for ee determination of the products of this enantioselective catalytic 
reaction. It was anticipated that the products of the regular benchmark reactions 
would have too low helical twisting powers as they have no structural 
resemblance with most LC hosts. Therefore, a protocol for mesogenic 
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1 mol% Cu(OTf)2






Ligand 3.16: ee = 75%





Ligand 3.16: ee = 89%
Ligand 3.17: ee = 75%
1 mol% Cu(OTf)2











Ligand 3.16 Ligand 3.17  
Scheme 3.8 1,4-Addition of diethylzinc to cyclic and acyclic enones catalyzed 
by Cu-phosphoramidite complexes. Tf = trifluoromethylsulfonyl. 
3.3   Synthesis of New Reaction Substrates and Their Performance 
in Catalytic 1,4-Additions 
As chalcone 3.18 is easily functionalized at the 4- and 4’-positions, its mesogenic 
functionalization is much more straightforward than for cyclohexenone 3.14. We 
therefore opted for the functionalization of chalcone with an LC resembling 
group and testing of the 1,4-addition products for cholesteric induction as the 
primary approach for exploring this new concept. The liquid crystal host E7 was 
selected for the initial experiments, as it is commercially available and liquid 
crystalline at room temperature which makes it easily applicable. E7 consists of a 
mixture of three p-alkoxy or p-alkyl substituted cyanobiphenyls and a 
cyanoterphenyl (see Section 2.3.3 for structures), which are also found in many 
other LC hosts. In order to realize a structural resemblance between the chiral 
conjugate addition product and E7, we employed p-alkoxyphenyl-substituted 
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3.3.1   Synthetic Strategy 
The synthesis of 4-substituted chalcones is based on a three step sequence. In 
the retrosynthesis depicted in Scheme 3.9, the final α,β-unsaturated ketones 
3.20-3.22 are constructed by aldol condensation of the corresponding biphenyl 
methyl ketones 3.23-3.25 and benzaldehyde, under dehydrating conditions. 
These ketones are made by Suzuki coupling of a p-alkoxyphenyl bromide and 4-
acetylphenyl boronic acid. If necessary, the p-alkoxyphenyl bromides 3.26-3.28 
are available by Williamson ether synthesis, using p-bromophenol 3.29 and an 










3.20 R = CH3
3.21 R = n-C5H11
3.22 R = n-C7H15
3.23 R = CH3
3.24 R = n-C5H11
3.25 R = n-C7H15
3.26 R = CH3
3.27 R = n-C5H11
3.28 R = n-C7H15
3.29
 
Scheme 3.9 Retrosynthetic analysis for the construction of 4-substituted 
chalcones. 
The synthesis of 4’-substituted chalcones is quite similar, except for the aldol 
condensation which has to be performed using acetophenone and biphenyl 
substituted aldehyde 3.31 (Scheme 3.10). This aldehyde is constructed by Suzuki 









3.323.30 3.31  
Scheme 3.10 Retrosynthetic analysis for the construction of 4’-substituted 
chalcone 3.30. 
3.3.2   Synthesis 
Pentyloxy and heptyloxy substituted bromobenzenes 3.27 and 3.28 were made 
by Williamson ether synthesis in high yield, using potassium carbonate as a base 
(Scheme 3.11). Palladium-catalyzed Suzuki coupling of 4-acetylphenyl boronic 
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methoxybromobenzene 3.26 afforded the three 4’-alkoxybiphenyl ethanones 
3.23-3.25 in moderate yields. Subsequent suspension phase aldol condensation 
with benzaldehyde and solid sodium hydroxide yielded the three 4-substituted 






3.27 R = n-C5H11, 80%
3.28 R = n-C7H15, 97%
3.29
 







3.23 R = CH3, 65%
3.24 R = n-C5H11, 68%









3.20 R = CH3, 78%
3.21 R = n-C5H11, 65%
3.22 R = n-C7H15, 71% 
Scheme 3.11 Synthesis of 4-substituted chalcones. 
The 4’-substituted chalcone 3.30 was synthesized via a similar Suzuki-aldol 
sequence (Scheme 3.12). 
 



















Scheme 3.12 Synthesis of a 4’-substituted chalcone. 
3.3.3   Copper-Catalyzed 1,4-Additions 
In order for the newly synthesized chalcones to be applicable as benchmark 
substrates for enantioselective conjugate additions it is essential that yields and 
enantioselectivities are comparable to those of chalcone 3.18, which is a typical 
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substrates in the catalytic conjugate addition of diethyl zinc using Cu(OTf)2 and 
ligand 3.16. However, under the standard reaction conditions (toluene at -
30°C)35 all new substrates showed an extremely low solubility, preventing the 
reaction from taking place. An extensive screening of reaction conditions 
showed that it was possible to perform this reaction in dichloromethane at  







    5 mol% Cu(OTf)2
    10 mol% ligand (S)-3.16
    CH2Cl2, -25°C
2) NH4Cl (aq)
3.18, 3.20-3.22, 3.30 3.19 R = H, R' = H
3.35 R = p-CH3O-C6H4, R' = H
3.36 R = p-C5H11O-C6H4, R' = H
3.37 R = p-C7H15O-C6H4, R' = H
3.38 R = H, R' = p-CH3O-C6H4  
Scheme 3.13 General conditions for the 1,4-additions to mesogenically 
functionalized chalcones. 
At this temperature the substrates are not very soluble, but the reaction product 
is. When the reaction is performed with the suspension of 3.20-3.22 or 3.30 it 
does proceed, albeit much slower than using chalcone 3.18 as the substrate. By 
raising the catalyst loading to 5 mol% and addition of a larger amount of 
diethylzinc (2.3 instead of 1.1 equivalents), the reactions could be completed in 
two days. After quenching of the reaction using aqueous ammonium chloride 
and subsequent filtration of the crude reaction mixtures over a short plug of 
silica, the products were obtained in quantitative yield and quite high purity. The 
yields and enantioselectivities of the Cu(OTf)2/(S)-3.16 catalyzed 1,4-additions 
are shown in Table 3.1. Overall, the results were similar to those obtained for 
chalcone 3.18 (entry 2). The diethylzinc addition to chalcone 3.18 was performed 
separately in toluene and dichloromethane, to assess the influence of the solvent 
(entries 1 and 2). In both solvents a high yield and nearly the same ees were 
obtained. These results show that the new substrates and reaction conditions are 
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Table 3.1 Catalytic 1,4-addition of diethylzinc to chalcones.a 
Entry Substrate Solvent Yield (%)b ee (%)c 
1 3.18 toluene 84 89 
2 3.18 CH2Cl2 87 87 
3 3.20 CH2Cl2 83 87 
4 3.21 CH2Cl2 78 83 
5 3.22 CH2Cl2 80 86 
6 3.30 CH2Cl2 79 85 
a The reaction conditions are described in Scheme 3.13; b Isolated yield after column 
chromatography; c Determined by chiral HPLC, columns and conditions can be found 
in Section 3.7. 
3.4   Application of 1,4-Addition Products in an LC-Based Color 
Test  
3.4.1   Induction of Cholesteric Phase 
To see if the products of the 1,4-addition of diethylzinc to the newly synthesized 
chalcone substrates can be applied in the LC-based color test, the helical twisting 
power of the products had to be determined. If this is too low a very high 
concentration of dopant has to be used in order to obtain a colored LC film (see 
equation 3.2), which is not possible due to compatibility problems. The helical 
twisting powers were determined using the Grandjean-Cano method, which was 
explained in detail in Section 2.2.3. The results are summarized in Table 3.2.  
Table 3.2 Helical twisting powers of 1,4-addition reaction products. 
Entry Compound βwt% (µm-1)a βM (µm-1)a 
1 3.19 5.8 5.1 
2 3.35 18.6 23.5 
3 3.36 17.5 25.7 
4 3.37 18.5 29.1 
5 3.38 2.3 2.9 
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Due to the lack of structural resemblance compound 3.19 has a low βM of 5.1 
µm-1, which makes it impossible to generate a colored liquid crystalline film 
using E7 doped with 3.19 (entry 1). Incorporation of a p-alkoxyphenyl moiety in 
the 4 position significantly raises the helical twisting powers of the 1,4-addition 
products, to a rewarding βM = 29.1 µm-1 for 3.37 (entry 4). Interestingly, it is 
also possible to lower the helical twisting power, by functionalization in the 
wrong position, as was shown for 3.38 (entry 5, βM = 2.9 µm-1).37 
3.4.2   Enantiomeric Excess Dependent LC Color 
When an 80% ee sample of compound 3.35 was doped in 16.3 wt% in LC host 
E7, an orange-red film was generated. Using equation 3.2, the refractive index of 
this material at this wavelength was estimated to be 1.5. The refractive index of 
liquid crystalline films with E7 LC host is somewhat dependent on the 
wavelength and can vary per dopant, between approximately 1.7 and 1.5. 
Knowing the refractive index and the helical twisting power, the concentration 
needed for generating a violet-blue film with a 100% ee sample was predicted to 
be 18.5 wt% (eq. 3.2). It is important to realize that the upper limit of the ee 
range to be analyzed should generate a short wavelength reflection, as the 
wavelength will increase with decreasing ee (eq. 3.2).  
In accordance with this calculation, doping of E7 with 18.5 wt% of 
enantiomerically pure 3.35 resulted in a violet-blue liquid crystal film. Samples of 
E7 doped with 3.35 with 100, 90, 80, 70, 60, and 50% enantiomeric excess 
(prepared by mixing enantiomerically pure and racemic 3.35) afforded liquid 
crystalline phases with colors ranging from violet-blue (100% ee) to deep red 
(50% ee). However, these colored LC films proved to be extremely unstable. The 
colors disappeared within 30 s after the solvent had evaporated from the LC 
surface, which made it impossible to measure the wavelength of reflection. This 
shows that chalcone 3.35 is unsuitable as a substrate in a color test for ee 
determination of 1,4-addition products. It was anticipated that incorporation of 
a longer alkyl moiety in the dopant would stabilize the LC matrix, especially at 
these high dopant concentrations. For this purpose substrates 3.21 and 3.22 and 
consequently products 3.36 and 3.37 were synthesized. The effect is already 
expressed in the βM, as it gets higher with longer tail length (Table 3.2, entries 2-
4). Furthermore, using an 84% ee sample of E7 doped with 19.5 wt% 3.37, a 
green cholesteric phase was generated that was stable for more than two days. 
With a refractive index of 1.55 doping of E7 with 21 wt% of enantiomerically 
pure 3.37 resulted in a violet-blue LC film. Again, samples of E7 doped with 
3.37 with 100, 90, 80, 70, 60, and 50% enantiomeric excess gave LC phases with 
colors ranging from violet-blue (100% ee) to deep red (50% ee), allowing direct 
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enantiomeric excess of 3.37 100 90 80 70 60 50%
 
Figure 3.2 Color (λ0°) of the reflection of E7 doped with 21wt% of 3.37 with 
different ee values. The depicted colors are photographs of the LC samples 
taken perpendicular to the LC surface. 
Next, the wavelength of reflection of these samples was measured 
spectroscopically (at an incident angle of 45°), which resulted in a calibration 
curve for ee determination (Figure 3.3).  
 
Figure 3.3 Wavelength (λ45°) of reflection vs. enantiomeric excess of 3.37. 
Fast ee determination can, in principle, be achieved by looking at the color of a 
sample and comparison to the color range in Figure 3.2. Subsequently, an 
accurate assessment of the ee can be made by measuring the reflection 
wavelength and comparison to the calibration curve in Figure 3.3, as a change in 
the ee value of only 1% results in a readily detectable shift of at least 4.0 nm in 
the wavelength of maximum reflection. 
3.4.3   Enantiomeric Excess Determination of Catalysis Products 
To examine whether it is possible to measure the enantioselectivity of a 
conjugate addition reaction directly, applying the method and substrate 
described above, six 1,4-additions with different chiral phosphoramidite ligands 
were performed (Table 3.3).38 The reactions were performed under standard 
conditions and after quenching of the reaction mixture and a simple filtration to 
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E7 were applied to linearly rubbed, polyimide coated glass plates, generating 
colored liquid crystalline films (Table 3.3). The colors of these films can be 
compared to those of films of E7 doped with 3.37 with various known 
enantiomeric excesses, allowing quantification of the enantioselectivity of the 
reaction by visual inspection (Figure 3.2). After measuring the reflection 
wavelength, it was possible to accurately assess the enantiomeric excess of 
product 3.37 using the calibration curve depicted in Figure 3.3.  
Table 3.3 Screening results of chiral catalysts and comparison of methods for the 
determination of ee values. 
Ligand Ligand Structure Color λ45° 
(nm)
ee of 3.37 (reflection 
wavelength, %) 
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To ascertain the accuracy of this new technique, the ee values obtained from the 
color test were compared to those determined by chiral HPLC. In all cases, an 
excellent correlation was found, especially between the values obtained by 
reflection wavelength measurements and HPLC. The values obtained by visual 
inspection are less precise, although an ee difference of ≤ 5% can readily be 
detected by the naked eye. 
Ligands 3.39-3.43 were also tested in the 1,4-addition of diethylzinc to chalcone 
3.18 under the original reaction conditions (Scheme 3.14). This was done to 
ensure the validity of the method described above, as the ligands should display 




    1 mol% Cu(OTf)2
    2 mol% chiral ligand
    toluene, -30°C
2) NH4Cl (aq)
3.18 3.19  
Scheme 3.14 Cu-catalyzed 1,4-addition of diethylzinc to chalcone 3.18; for the 
structures of the chiral ligands, see Table 3.3. 
Table 3.4 Comparison of enantioselectivities. 
Entry Ligand ee of 3.19 a,b,c ee of 3.37 c,d,e 
1 (S)-3.16 89 (R) 86 
2 (S)-3.39 71 (R) 72 
3 (S)-3.40 67 (R) 59 
4 (S)-3.41 62 (R) 64 
5 (S)-3.42 65 (R) 58 
6 (S)-3.43 81 (R) 74 
a Using the original benchmark reaction conditions as described in Scheme 
3.14; b absolute configurations between brackets; c determined by chiral 
HPLC; d using the new benchmark reaction conditions and substrate as 
depicted in Scheme 3.13; e absolute configuration unknown, in all cases the 
enantiomer eluting second was the major isomer (HPLC). 
The enantioselectivities obtained using the original benchmark reaction were in 
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3.5   Enantiomeric Excess Determination using Auxiliary Chiral 
Dopants 
3.5.1   Concept 
For the reaction described above, the substitution of the reaction substrate with 
a mesogenic unit does not influence the reaction outcome to a great extend. 
However, one can imagine that for other systems this can be different. 
Therefore, it would be ideal to apply ordinary, non-functionalized reaction 
products in the LC-based color test for ee determination. To generate a color, a 
cholesteric phase with a sufficiently short pitch has to be made, which requires a 
dopant with a high helical twisting power. In the previous approach this was the 
analyte itself, but in principle it should be possible to use any chiral molecule as a 
chiral co-dopant. If a co-dopant of high β is used, this can generate the colored 
phase. The chirality of the analyte is then used to alter the wavelength of 
reflection within the visible spectrum. This should allow the determination of 
the enantiomeric excess of analytes with smaller helical twisting powers. 
Assuming that the interactions of the LC with the two dopants with different 





p ⋅⋅+⋅⋅= ββ             eq. 3.3
  
 
Figure 3.4 Reflection wavelength vs. enantiomeric excess for a theoretical 
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Assuming a refractive index of 1.5, a theoretical mixture of a co-dopant with a 
helical twisting power of 100 µm-1 and a concentration of 3 wt% with an analyte 
with βwt% = 10 µm-1 and a concentration of 10 wt% should generate all the 
colors of the visible spectrum going from -100% ee to +100% ee of the analyte, 
as depicted in Figure 3.4. Similar to the approach taken by van Delden,27 who 
used an enantiomerically pure sample of the analyte as a co-dopant, this method 
allows the determination of the full enantiomeric excess range as well as the 
configuration of the major enantiomer of the analyte. 
3.5.2   Results 
This concept was tested in the enantiomeric excess determination of the 1,4-
addition product of chalcone 3.18 (Figure 3.5). As was established in Section 
3.4.1, this compound has a helical twisting power of 5.8 µm-1 (βwt%), which 
makes it incapable of generating a colored cholesteric film by itself. As co-
dopant binaphthyl-based (S)-3.44 was chosen, as this is a well-known chiral 
dopant with high helical twisting power (βM = +78.6 µm-1, E7) and it can be 




(S)-3.19 βwt% = +5.8 µm-1 (E7)
               βM = +5.1 µm-1 (E7)
(S)-3.44 βwt% = +65.5 µm-1 (E7)
               βM = +78.6 µm-1 (E7)  
Figure 3.5 Analyte 3.19 and auxiliary dopant 3.44, and associated helical 
twisting powers. 
When a 5.5 wt% mixture of 3.44 in E7 was applied to an aligned surface, a 
bright blue film was easily generated (Figure 3.6). However, as the addition of a 
dopant with a much lower helical twisting power will make the pitch longer 
because it dilutes the dopant of higher helical twisting power, a higher co-dopant 
concentration was chosen. At 7 wt% 3.44 and 6.5 wt% 3.19 in E7, colored films 
were made where the color depended on the enantiomer of 3.19 employed. 
Figure 3.6 shows the colored films, which went from orange-red ((R)- 3.19, 85% 
ee) via yellow (rac-3.19) to green ((S)- 3.19, 74% ee). This shows that this method 
can be used to visualize the enantiomeric excess of non-functionalized reaction 
products. However, the colors observed do not correspond to the colors 
predicted by equation 3.3, which are of a much shorter wavelength. As the width 
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analyte, color generation with higher concentrations of 3.19 was attempted, but 
no colors were observed. This, combined with the offset color range, suggests 
that the limits of dopant/analyte concentration are reached, resulting in non-
linear behavior. To investigate the limits of the analyte concentration mixtures of 
racemic 3.19 and E7 were made, with 5 wt% steps. Upon investigation under the 
polarizing microscope, massive phase separation was observed in the 10 wt% 
sample and the 15 wt% sample was found to be no longer liquid crystalline. 
 
5.5 wt% 3.44 6.5 wt% 3.19 analyte
7.0 wt% 3.44 co-dopant
enantiomeric excess 85% (R) rac 74% (S)
a b
 
Figure 3.6 Colored LC films obtained by doping with analyte 3.19 and auxiliary 
dopant 3.44. (a) shows the color of a film doped with only 3.44, (b) shows the 
colors of films doped with a mixture, with the color depending on the ee of 
3.19. The depicted colors are photographs of the LC samples taken 
perpendicular to the LC surface. 
3.6   Conclusion and Discussion 
In this chapter it was shown that it is possible to visualize the stereochemical 
outcome of an enantioselective reaction by an LC-based color test, as was 
illustrated for a key carbon-carbon bond forming reaction. In this procedure, a 
reaction substrate was used that is pre-functionalized with a group resembling 
the liquid crystalline host. This improves the helical twisting power of the 
reaction product and allows the generation of colored liquid crystalline films. 
Enantioselectivities can be determined visually (by looking at the color of an 
aligned liquid crystal film doped with the product) or spectroscopically (by 
measuring the reflection wavelength and comparing it with a calibration curve). 
Both methods, although of different accuracy, give values comparable to 
enantiomeric excesses obtained by chiral HPLC. This procedure involves simple 
filtration and mixing, it does not require chiral auxiliaries or post-reaction 
derivatization and microgram quantities of product are sufficient. In the 1,4-
addition of diethyl zinc to the newly designed reaction substrate, the product 
was obtained with yields and enantioselectivities similar to the ethyl adduct of 
chalcone, being a common substrate in asymmetric conjugate addition. This 
makes substrate 3.22 a valuable benchmark substrate for these reactions. In 
these reactions, full conversion to the desired product was reached invariably. 
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side-product, this color test can still be applied, as in that case the observed 
color can act as a measure for the combination of conversion and ee. However, 
when the side-products are chiral, non-racemic and have a significant helical 
twisting power the ee determination becomes much less straightforward, which 
remains a serious drawback of this procedure. This methodology was originally 
designed for application in automated high-throughput screening for 
enantioselectivity. The removal of the need for a post-reaction derivatization has 
brought this application one step closer, but it has not been achieved yet. In 
principle, the described reaction should be applicable in an automated 
environment. However, the current workup and analysis procedure would 
require the integration of an automated weighing step of reasonable accuracy. 
The development of a simple simultaneous yield or conversion determination 
would be a major step forward. 
Although the use of mesogenically functionalized reaction substrates in the 
method described does not alter the reaction outcome to a too large extent, 
attempts were made to find alternatives for this covalent amplification 
procedure. Using a chiral co-dopant with high helical twisting power to generate 
a colored LC, we examined the influence of the ee of a common reaction product 
with low helical twisting power on the LC color. Depending on the enantiomer 
of the reaction product applied, different colors were observed. However, at this 
point the differences in reflection wavelength are too small to use this method 
for full scale enantiomeric excess determination. 
3.7   Experimental Section 
General remarks 
Reagents were purchased from Aldrich, Acros Chimica, Strem, Merck or Fluka 
and were used as provided unless otherwise stated. All solvents were reagent 
grade and were dried and distilled before use according to standard procedures. 
Chromatography: silica gel, Merck type 9385 230-400 mesh, TLC: silica gel 60, 
Merck, 0.25 mm. Mass spectra (HRMS) were recorded on an AEI MS-902. 
Melting points were recorded on a Büchi B-545 melting point apparatus and are 
uncorrected. 1H and 13C NMR spectra were recorded on a Varian Gemini-200, a 
Varian VXR-300 or a Varian Mercury Plus, operating at 199.97, 299.97 and 
399.93 MHz, respectively, for the 1H nucleus, and at 50.29, 75.43 and 100.57 
MHz for the 13C nucleus, in CDCl3, unless stated otherwise. Chemical shift 
values are denoted in δ values (ppm) relative to residual solvent peaks (CHCl3, 
1H δ = 7.26, 13C δ = 77.0 ppm). HPLC analyses were performed on a Shimadzu 
10AD-VP using the chiral columns as mentioned. Preparative HPLC was 
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preparative Gilson HPLC system consisting of a 231XL sampling injector, a 306 
(10SC) pump, an 811C dynamic mixer, an 805 manometric module, with a 119 
UV-VIS detector and a 202 fraction collector, using the chiral columns as 
mentioned.  
Preparation of liquid crystalline films 
The liquid crystalline material E7 was received as a gift from Merck, Darmstadt.  
A microscope slide was thoroughly cleaned, spin-coated with a commercially 
available polyimide (Optmer AL1051, JSR, Belgium) and allowed to harden 
overnight in a vacuum oven (170°C, 200 mbar). The surface was then rubbed 
with a polyester sock to induce parallel alignment in the liquid crystalline 
samples. Using stock solutions of dopants and E7 in toluene, mixtures of these 
two compounds were made. These solutions were applied on a unidirectionally 
rubbed, polyimide-coated glass plate and after the toluene had evaporated in the 
air, the glass plate was put under the microscope. 
Images of the LC films were recorded in transmission using an Olympus BX 60 
microscope, equipped with polarizers and a Sony 3CCD DXC 950P digital 
camera, attached to a personal computer with Matrox Inspector 2.1 imaging 
software. 
General procedure for determination of the cholesteric pitch 
The pitch of the liquid crystalline (LC) phases was determined by Grandjean-
Cano technique, using plane-convex lenses of known radii (R = 25.119 or 30.287 
mm, Linos Components; Radiometer), and an optical microscope. LC films were 
prepared as described above, and a plane-convex lens of known diameter was 
applied. Grandjean-Cano lines could be observed, and the pitch could be 
determined indirectly by measuring the distances between the consecutive lines. 
The sign of the helical pitch was determined with a contact method,40 where 
mixing of the samples with a doped cholesteric liquid crystal of known negative 
screw sense, consisting of dopant ZLI-811 (Merck, Darmstadt, Germany) in E7, 
was tested. Reflection measurements were performed on a JASCO J715 
Spectrophotometer equipped with a fluorescence extension (a photomultiplier 
perpendicular to the direction of the light). This spectrophotometer was adapted 
to hold LC covered glass plates in such a way that both the incident light beam 
and the photomultiplier tube were at an angle of 45º to the surface. Actual 
photographs of the colored LC phases were taken at an angle of 90º using a 
Minolta Dynax 404si Single Lens Reflex camera equipped with a Minolta AF 
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General procedure for the enantioselective copper-catalyzed conjugate 
addition of diethyl zinc and the subsequent ee determination of the 
products 
To a flame-dried Schlenk flask under argon atmosphere were added Cu(OTf)2 
(2.7 mg, 7.5 µmol, 5 mol%), a chiral ligand (3.16, 3.39-3.43, 15.0 µmol, 10 
mol%) and dichloromethane (4.2 ml). The mixture was stirred for 1 h at room 
temperature, after which substrate 3.22 (60.0 mg, 0.15 mmol) was added. This 
mixture was stirred for an additional 15 min and subsequently cooled to −25 ºC. 
Et2Zn (0.35 ml, 1.0 M solution in hexanes) was added and the mixture was 
stirred for 2 d at −25 ºC, after which the reaction was quenched by addition of 1 
ml of saturated aqueous NH4Cl. The resulting mixture was filtered with 50 ml 
dichloromethane over a 3 cm plug of SiO2 and collected in a flask of known 
weight. After evaporation of the solvent the flask was weighed to assess the yield 
of the product (typically around 54 mg), and the product was dissolved in 5.0 ml 
toluene. The appropriate amount of this solution containing 0.80 mg of product 
was mixed with 85.7 µl of a stock solution of E7 in toluene (17.55 mg in 500 µl), 
and the solution was poured onto a linearly rubbed, polyimide coated glass plate. 
After evaporation of the toluene in the air at room temperature the color 
appeared immediately. Depending on the cholesteric pitch, these phases were 
stable for 1-3 d. The colors of these phases could be detected by visual 
inspection or by measuring the reflection wavelength at a 45° angle, using the 
setup described above. The remaining product solution was used to determine 




A mixture of n-pentyl bromide (5.8 g, 38 mmol), 4-bromophenol 3.29 (10 g, 57 
mmol), potassium carbonate (10.5 g, 76 mmol) and acetone (200 ml) was 
refluxed overnight. After the reaction mixture was allowed to cool to room 
temperature, it was filtered and the solvent was removed by evaporation. The 
remaining oil was solved in dichloromethane and washed with 2 x 20 ml 2 M 
NaOH (aq). The organic layer was dried over Na2SO4 and the solvent was 
evaporated. The oil was dissolved again in chloroform, washed with 2 x 20 ml 2 
M NaOH (aq), yielding 3.27 as a colorless oil (7.4 g, 80%). 1H NMR (300 MHz, 
CDCl3) δ  7.36 (d, J = 9.2 Hz, 2H), 6.77 (d, J = 8.8 Hz, 2H), 3.91 (t, J = 6.6 Hz, 
2H), 1.77 (dt, J1 = 7.3 Hz, J2 = 6.6 Hz, 2H), 1.46-1.34 (m, 4H), 0.93 (t, J = 7.0 
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28.1, 22.4, 14.0; MS (EI): m/z 244 (M+, 22%), 242 (M+, 22%); HRMS calcd for 
C11H15O79Br: 242.0306; Found 242.0312. 
C7H15O Br  
1-Bromo-4-heptyloxy-benzene (3.28) 
According to the procedure as described for 3.27, 20 g n-heptyl bromide gave 
29.5 g 3.28 as a colorless oil (97%). 1H NMR (300 MHz, CDCl3) δ  7.36 (d, J = 
9.2 Hz, 2H), 6.77 (d, J = 8.8 Hz, 2H), 3.91 (t, J = 6.6 Hz, 2H), 1.77 (dt, J1 = 7.7 
Hz, J2 = 6.6 Hz, 2H), 1.44-1.31 (m, 8H), 0.90 (t, J = 7.0 Hz, 3H); 13C NMR (50 
MHz, CDCl3) δ 158.2, 132.1, 116.2, 112.5, 68.2, 31.7, 29.1, 29.0, 25.9, 22.6, 14.1; 
MS (EI): m/z 272 (M+, 30%), 270 (M+, 30%); HRMS calcd for C13H19O79Br: 





[Argon atmosphere] To a solution of 4-bromoanisole 3.26 (1.5 g, 8.1 mmol) and 
Pd(PPh3)4 (192 mg, 0.17 mmol, 2 mol%) in dry DME (15 ml) was added an 
aqueous Na2CO3 solution (2 M, 10.2 ml) and 4-acetylphenyl boronic acid 3.33 
(12.2 mmol, 2.0 g). The mixture was thoroughly degassed and refluxed 
overnight. After allowing the reaction mixture to cool to room temperature 
water was added and the mixture was transferred to a separatory funnel. The 
water layer was extracted with 3 x 15 ml CHCl3 and the combined organics were 
washed with brine. After drying over Na2SO4, the solvent was evaporated. The 
remaining brown crystals were recrystallized from ethanol, yielding 3.23 as white 
crystals (1.2 g, 65%). M.p. 153.9 – 155.9 ºC; 1H NMR (300 MHz, CDCl3) δ  8.01 
(d, J = 8.4 Hz, 2H), 7.65 (d, J = 8.4 Hz, 2H), 7.58 (d, J = 8.8 Hz, 2H), 7.00 (d, J 
= 8.8 Hz, 2H), 3.87 (s, 3H), 2.63 (s, 3H); 13C NMR (50 MHz, CDCl3) δ 196.2, 
158.4, 143.8, 133.8, 130.7, 127.4, 126.9, 125.1, 112.9, 53.9, 25.1; MS (EI): m/z 





[Argon atmosphere] According to the procedure as described for 3.23, 2.0 g of 
3.27 (8.2 mmol) gave 3.24 as a white powder after recrystallization from ethanol 
(1.6 g, 5.6 mmol, 68%). M.p. 138.6 – 140.2 ºC; 1H NMR (200 MHz, CDCl3) δ  
8.00 (d, J = 8.3 Hz, 2H), 7.64 (d, J = 8.1 Hz, 2H), 7.56 (d, J = 8.5 Hz, 2H), 6.99 
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4H), 0.94 (t, J = 6.8 Hz, 3H); 13C NMR (50 MHz, CDCl3) δ 197.7, 159.5, 145.4, 
135.2, 131.9, 128.9, 128.3, 126.5, 114.9, 68.1, 28.9, 28.2, 26.6, 22.4, 14.0; MS 






[Argon atmosphere] According to the procedure as described for 3.23, 2.2 g 3.28 
(8.1 mmol) gave 3.25 as grey crystals after recrystallization from ethanol (1.8 g, 
5.8 mmol, 71%). m.p. 136.8 - 138.0 ºC; 1H NMR (300 MHz, CDCl3) δ  8.00 (d, J 
= 8.1 Hz, 2H), 7.64 (d, J = 8.4 Hz, 2H), 7.56 (d, J = 8.4 Hz, 2H), 6.99 (d, J = 8.8 
Hz, 2H), 4.00 (t, J = 6.6 Hz, 2H), 2.63 (s, 3H), 1.82 (dt, J1 = 6.6 Hz, J2 = 7.3 Hz, 
2H), 1.41 (m, 8H), 0.90 (t, J = 6.6 Hz, 3H); 13C NMR (50 MHz, CDCl3) δ 197.7, 
159.5, 145.4, 135.2, 131.9, 128.9, 128.3, 126.5, 114.9, 68.1, 31.8, 29.2, 29.0, 26.6, 
26.0, 22.6, 14.1; MS (EI): m/z 310 (M+, 85%); HRMS calcd for C21H26O2: 





[Argon atmosphere] According to the procedure as described for 3.23, 2.0 g 3.34 
(10.8 mmol) and 2.5 g 3.32 (16.2 mmol) gave 3.31 as white crystals after 
recrystallization from ethanol (1.6 g, 7.6 mmol, 70%). The spectral data were in 




NaOH (0.35 g, 8.8 mmol) was dissolved in 5 ml 30% EtOH (aq). 3.23 (1.0 g, 4.4 
mmol) and benzaldehyde (0.66 g, 6.2 mmol) were added while stirring at room 
temperature. The mixture was heated to 30 °C and stirred for two days, after 
which water (10 ml) and CH2Cl2 (15 ml) were added to the grey suspension. The 
water layer was extracted with 3 x 15 ml CH2Cl2, the combined organics were 
washed with brine, dried over Na2SO4 and the solvent was evaporated. The 
remaining green crystals were recrystallized from toluene and subsequently 
filtered with CH2Cl2 over a 4 cm plug of silica, yielding 3.20 as yellow crystals 
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8.1 Hz, 2H), 7.85 (d, J = 15.7 Hz, 1H), 7.64 (m, 7H), 7.43 (m, 3H), 7.02 (d, J = 
8.8 Hz, 2H), 3.88 (s, 3H); 13C NMR (50 MHz, CDCl3) δ 189.8, 159.9, 145.1, 
144.5, 136.2, 134.9, 132.3, 130.5, 129.1, 128.9, 128.4, 128.3, 126.6, 122.0, 114.4, 
55.3; MS (EI): m/z 314 (M+, 100%); HRMS calcd for C22H18O2: 314.1307; 
Found 314.1319. Anal. calcd. for C22H18O2: C, 84.05; H, 5.77%. Found: C, 




According to the procedure as described for 3.20, 1.0 g 3.24 (3.6 mmol) gave 
3.21 as yellow crystals (850 mg, 2.3 mmol, 65%). M.p. 146.1 – 147.1 ºC; 1H 
NMR (200 MHz, CDCl3) δ  8.09 (d, J = 8.3 Hz, 2H), 7.85 (d, J = 15.6 Hz, 1H), 
7.71-7.54 (m, 7H), 7.45-7.39 (m, 3H), 7.00 (d, J = 8.8 Hz, 2H), 4.01 (t, J = 6.6 
Hz, 2H), 1.82 (m, 2H), 1.43 (m, 4H), 0.90 (t, J = 7.1 Hz, 3H); 13C NMR (50 
MHz, CDCl3) δ 189.7, 159.4, 145.1, 144.5, 136.1, 134.9, 132.9, 129.1, 128.9, 
128.4, 128.3, 126.6, 121.9, 114.9, 68.1, 28.9, 28.1, 22.4, 14.0; MS (EI): m/z 370 
(M+, 100%); HRMS calcd for C26H26O2: 370.1933; Found 370.1926. Anal. calcd. 




According to the procedure as described for 3.20, 800 mg 3.25 (2.6 mmol) gave 
3.22 as yellow crystals (735 mg, 1.9 mmol, 71%). M.p. 142.6 – 143.0 ºC; 1H 
NMR (300 MHz, CDCl3) δ  8.09 (d, J = 8.1 Hz, 2H), 7.85 (d, J = 15.9 Hz, 1H), 
7.64 (m, 7H), 7.43 (m, 3H), 7.00 (d, J = 8.6 Hz, 2H), 4.01 (t, J = 6.6 Hz, 2H), 
1.82 (dt, J1 = 6.6 Hz, J2 = 7.6 Hz, 2H), 1.39 (m, 8H), 0.90 (t, J = 7.1 Hz, 3H); 13C 
NMR (50 MHz, CDCl3) δ 189.8, 159.5, 145.2, 144.5, 136.2, 135.0, 132.0, 129.1, 
128.9, 128.4, 128.3, 126.6, 122.0, 114.9, 68.1, 31.8, 29.2, 29.0, 26.0, 22.6, 14.1; 
MS (EI): m/z 398 (M+, 100%); HRMS calcd for C28H30O2: 398.2246; Found 













   





According to the procedure as described for 3.20, 2.0 g of 3.31 (9.4 mmol) and 
1.2 g acetophenone (10.8 mmol) gave 3.30 as yellow crystals (2.5 g, 7.8 mmol, 
83%). M.p. 164.1 – 164.8 ºC; 1H NMR (300 MHz, CDCl3) δ  8.03 (d, J = 8.8 Hz, 
2H), 7.85 (d, J = 15.8 Hz, 1H), 7.70 (d, J = 8.1 Hz, 2H), 7.58 (m, 8H), 7.00 (d, J 
= 8.8 Hz, 2H), 3.87 (s, 3H); 13C NMR (50 MHz, CDCl3) δ 190.5, 159.6, 144.5, 
142.9, 138.3, 133.1, 13.7, 132.5, 129.0, 128.6, 128.5, 128.1, 127.0, 121.5, 114.3, 
55.3; MS (EI): m/z 314 (M+, 100%); HRMS calcd for C22H18O2: 314.1307; 
Found 314.1300; Anal. calcd. for C22H18O2: C, 84.05; H, 5.77%. Found: C, 




Prepared according to the general procedure using ligand (S)-3.16, 100 mg 3.20 
(0.32 mmol) gave 91 mg of 3.35 (0.26 mmol, 83%, 87% ee) as a white solid after 
purification by column chromatography (SiO2, n-pentane : CH2Cl2 = 2:1). M.p. 
140.9 – 142.4 (ee = 79%); 1H NMR (300 MHz, CDCl3) δ 7.95 (d, J = 8.4 Hz, 
2H), 7.61 (d, J = 8.4 Hz, 2H), 7.56 (d, J = 8.8 Hz, 2H), 7.32-7.16 (m, 5H), 6.99 
(d, J = 8.8 Hz, 2H), 3.86 (s, 3H), 3.28 (m, 3H), 1.85-1.77 (m, 1H), 1.70-1.63 (m, 
1H), 0.82 (t, J = 7.3 Hz, 3H); 13C NMR (50 MHz, CDCl3) δ 198.7, 159.8, 145.1, 
144.7, 135.3, 132.2, 128.7, 128.4, 128.3, 127.7, 126.5, 126.2, 114.3, 55.4, 45.6, 
43.1, 29.2, 12.1; MS (EI): m/z 344 (M+, 55%); HRMS calcd for C24H24O2: 
344.1776; Found 344.1786; [α]D (87% ee) = +10.7° (c = 0.15, CHCl3). 
Enantioresolution of 3.35 was accomplished by preparative chiral HPLC 
(Chiralpak AD, n-heptane:IPA = 90:10, 1 ml/min.), retention times: 11.7 (minor) 




   













Prepared according to the general procedure using ligand (S)-3.16, 100 mg 3.21 
(0.27 mmol) gave 84 mg of 3.36 (0.21 mmol, 78%, 83% ee) as a white solid after 
purification by column chromatography (SiO2, n-pentane : CH2Cl2 = 1:1). M.p. 
116.9 – 117.8 ºC (racemate); 1H NMR (300 MHz, CDCl3) δ 7.95 (d, J = 8.1 Hz, 
2H), 7.61 (d, J = 8.1 Hz, 2H), 7.55 (d, J = 8.8 Hz, 2H), 7.32-7.18 (m, 5H), 6.98 
(d, J = 8.8 Hz, 2H), 4.01 (t, J = 6.6 Hz, 2H), 3.28 (m, 3H), 1.82 (m, 3H), 1.69 (m, 
1H), 1.43 (m, 4H), 0.95 (t, J = 7.0 Hz, 3H), 0.82 (t, J = 7.3 Hz, 3H); 13C NMR 
(50 MHz, CDCl3) δ 198.7, 159.4, 145.2, 144.7, 135.2, 131.9, 128.6, 128.4, 128.2, 
127.6, 126.5, 126.2, 114.9, 68.0, 45.5, 43.0, 29.2, 28.9, 28.1, 22.4, 14.0, 12.1; MS 
(EI): m/z 400 (M+, 63%); HRMS calcd for C28H32O2: 400.2402; Found 
400.2396; Anal. calcd. for C28H32O2: C, 83.96; H, 8.05%. Found: C, 84.10; H, 
8.36%; [α]D (83% ee) = +20.4º (c = 0.23, CHCl3); HPLC (Chiralcel OD, n-
heptane:IPA = 95:5, 1 ml/min.), retention times: 9.2 (minor) and 20.7 min 




Prepared according to the general procedure using ligand rac-3.16, 70 mg 3.22 
(0.18 mmol) gave 60 mg of 3.37 (0.14 mmol, 80%) as a white solid after 
purification by column chromatography (SiO2, n-pentane : CH2Cl2 = 1:1). M.p. 
98.8 - 99.4 ºC (racemate); 1H NMR (300 MHz, CDCl3) δ 7.95 (d, J = 8.8 Hz, 
2H), 7.60 (d, J = 8.6 Hz, 2H), 7.55 (d, J = 9.0 Hz, 2H), 7.25 (m, 5H), 6.97 (d, J = 
8.8 Hz, 2H), 4.00 (t, J = 6.6 Hz, 2H), 3.27 (m, 3H), 1.74 (m, 4H), 1.41 (m, 8H), 
0.90 (t, J = 6.6 Hz, 3H), 0.81 (t, J = 7.6 Hz, 3H); 13C NMR (50 MHz, CDCl3) δ 
198.7, 159.4, 145.2, 144.7, 135.2, 131.9, 128.6, 128.4, 128.2, 127.6, 126.5, 126.2, 
114.9, 68.1, 45.5, 43.0, 31.8, 29.2, 29.2, 29.0, 26.0, 22.6, 14.1, 12.1; MS (EI): m/z 
428 (M+, 66%); HRMS calcd for C30H36O2: 428.2715; Found 428.2719; Anal. 
calcd. for C30H36O2: C, 84.07; H, 8.47%; Found: C, 83.81; H, 8.72%; [α]D (84% 
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preparative chiral HPLC (Chiralcel OD, n-heptane:IPA = 90:10, 1 ml/min.). 





Prepared according to the general procedure using ligand (S)-3.16, 100 mg 3.30 
(0.32 mmol) gave 87 mg of 3.38 (0.25 mmol, 79%, 85% ee) as a white solid after 
purification by column chromatography (SiO2, n-pentane : CH2Cl2 = 1:1). M.p. 
180.0 – 181.1 ºC (racemate); 1H NMR (300 MHz, CDCl3) δ  7.87 (d, J = 7.7 Hz, 
2H), 7.49-7.30 (m, 7H), 7.22 (d, J = 8.1 Hz, 2H), 6.90 (d, J = 8.4 Hz, 2H), 3.78 
(s, 3H), 3.24 (m, 3H), 1.75 (m, 1H), 1.65 (m, 1H), 0.81 (t, J = 7.3 Hz, 3H). 13C 
NMR (50 MHz, CDCl3) δ 197.7, 157.5, 141.7, 137.2, 135.8, 132.1, 131.4, 127.0, 
126.6, 126.5, 126.5, 125.2, 112.6, 53.8, 44.1, 41.1, 27.7, 10.7; MS (EI): m/z 344 
(M+, 100%); HRMS calcd for C24H24O2: 344.1776; Found 344.1766. Anal. calcd. 
for C24H24O2: C, 84.05; H, 5.77%. Found: C, 83.84; H, 5.88%. Enantioresolution 
of 3.38 was accomplished by preparative chiral HPLC (Chiralpak AD, n-
heptane:IPA = 75:25, 1 ml/min.), retention times: 5.5 (minor) and 7.0 min 
(major). [α]D = 0.0°, [α]578 = -5.2°, [α]436 (81% ee) = -20.4° (c = 0.25, CHCl3); 




Prepared according to the general procedure, spectral data were in accordance 
with literature values.41 Enantiomer separation on chiral HPLC (Chiralpak OD, 
n-heptane:IPA = 99.75:0.25, 1 ml/min.), retention times: 17.2 and 23.3 min. βwt% 





A mixture of (S)-binaphthol (1.3 g, 4.6 mmol), 1,3-dibromopropane (0.96 g, 5.0 
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refluxed overnight. After allowing the reaction mixture to cool to room 
temperature, water and dichloromethane were added and the layers were 
separated. The organic layer was washed twice with water, once with brine and 
subsequently dried over Na2SO4. After evaporation of the solvent, 
recrystallization from hexanes/toluene 1/1 yielded 3.44 as a white powder (1.16 
g, 3.55 mmol, 77%). Spectral data were in accordance with literature values.39  
(R)-3.44 and rac-3.44 were prepared using the same procedure. Chiral HPLC 
(Chiralpak AD, n-heptane:IPA = 96:4, 1 ml/min). Retention times: 6.3 (S) and 
7.9 (R) min. βwt% = 65.5 µm-1 (E7). 
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